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DERIVATIVESIN HIGH-SPEEDWINDTUNNELS

By HenryC. Lessing,ThomasB. Fryer,
andMerrillH. Mead

suMMARY

A two-degree-of-freedomsystem,inwhichrollingoscillationsare
forced,is described.Detailsof thesystem,thetheory,andthemethod
of operationarediscussed.It is shownthat,althoughthesystemis
characterizedby nonlinearequationsof motion,linearizationof the
equationsby assumingsmallperturbationsandconstantcoefficientsyield&
sufficientlyaccurateresults.

The accuracyof the systemwas firstinvestigatedin testsunder
idealizedconditionsinwhichthe aerodynamicderivativesweresimulated
by theactionof gyroscopesandmagneticdampers.Later,the systemwas
investigatedin a high-speedwindtunnelusinga simplemodelforwhichthe
aerodynamicderivativescouldbe estimated.

Theresultsof thetestsshowedthatthequantitiesrelatingto the
primsrymodeof operationof thesystem,thatis,therollingvelocity
derivatives,couldbe obtainedsatisfactorily.The sameis trueof the
directionalstabilityandthedamping-in-yawderivatives.Resultsobtained
fromthedata-reductionequationsfortherollingmomentdueto yawing
velocityanddueto sideslipanglewereunreliable,however,andprevented
theevaluationof thesederivatives.

.

INTRODUCTION

The increasingemphasisplacedon studiesof thedynsmicstability
of aircrafthas intensifiedtheneedfor satisfactorymethodsforpredict-
ingthedynsmicstabilityderivatives.Mosttheoreticalmetkodsevolved
to dateare subjectto limitationsimposedto reducethemathematical
taskto reasonableproportions.In orderto obtainexperimentalckecks
of thesemetk.odsandto providesourcesof informationin thoseareasin
wkick.theoreticalmethodsarenotyet available,thereexistsa needfor
experimentalresearchon thestabilityderivatives.

The experimentalstudyof dynamicstabilityderivativesin windtun-
nelsis,of course,notnew. Manysystemshavebeenevolvedforthis .
purpose.References1, 2, and3, forinstance,discussearlyBritish
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systemsinwhichtherelative
generatedby modelmotion.A
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motionof themodelandtheairstreamis <
dynamicsystemrecentlydevelopedat Ames

—

AeronauticalLaboratoryis describedin reference4; againtherelative
motionof themodelandtheairstreamis generatedby modelmotion. i“
Therolling-andcurved-flowwindtunnelsnowin useat theLangleyAero-
nauticalLaboratoryof theNACA,forinstance(refs.5 and6),areexamples
of othersystemsin whichthemcdelisheldTigidlyandtheairflowgen-,
cratestherelativesteadyyawingandrollingmotion..

—

In thepresentcase,a systeminwhichthemodelexecutesforced
oscillationswithtwodegreesof freedomwasdeveloped.Thedetailsof
itsdesignanddevelopmentcmepublishedherewithsincetheymayprove
usefulto otherswhodesireto developdynamicsystems.

SYMBOLSAND COEFFICIENTS

Theaerodynamiccoefficientsdefinedhereinarereferredto the
systemofbodyaxesoriginatingat themodel‘centerof gravity.The
symbolsandcoefficientsaredefinedas follows:

b bodylength,ft

Cnp ()2V
N; —

qSb2

● ✎

✎

f frequency,cps
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momentof momentumaboutspace-fixedaxes

momentof momentumaboutbodyaxes

momentof inertiaabout x axis,ft-lbsec2

momentof inertiaabout z axis,ft-l-Dsec2

productof inertiawithrespectto x andz axes,ft-ltisec2

productof inertiawithrespectto y and z axes,ft-~osec2

rollingmoment,ft-lb

absolutevalueof springconstantof rollflexurepivots,
ft-lb/radism

rateof changeof aerod~amicrollingmomentwithrolling
angularvelocity,ft-lb/radian/sec

equivalentviscousdampingfactordueto internalfrictionin
rollflexurepivots,ft-lb/radian/sec

rateof changeof aerodynamicrollingmomentwithyawing
angularvelocity,ft-lb/radian/sec

rateof changeof rollingmomentwithsideslipangle,
ft-lb/radiam

rateof changeof rollingmomentper unitrateof changeof
sideslipangle,ft-lb/radian/sec

pitchingmoment,ft-lb

appliedmomentsaboutspace-fixedaxes,ft-lb

yawingmoment,ft-lb

rateof changeof aerodynamicyawingmomentwithrolling
angularvelocity,ft-lb/radian/sec

absolutevalueof springconstantof yaw fleXUZepivots,
ft-lb/radian

rateof changeof aerodynamicyawingmomentwithyawing
angularvelocity,ft-lb/radian/sec

equivalentviscousdampingfactordue to internalfrictionin
yawflexurepivots,ft-lb/radian/sec

rateof changeof yawingmomentwithsideslipangle,
ft-lb/radian
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.
rateof changeof yawin momentperunitrateof changeof

7sideslipangle,ft-lbra.dian/sec
_-
&

rolling

dynamic

maximum

angularvelocity,radians/see

pressure,lb/sqft,+2L

bodyradius,ft

yawingangularvelocity,radians[gec

maximumcross-sectionalareaof body,sq ft

rollinputtorque,ft-lb

time,sec

free-streamvelocity,ft/sec ‘-

space-fixedaxes

axesfixedwithrespectto themodel(b&y axes)
r

angleof attack,radians E

anglebetweenfree-streamvelocityandlongitudinalaxisof
supporthousing

angleof sideslip,radians

angleof roll,radians

angleof yaw,radians

phaseanglebetweenroll
leadingroll,deg

phaseanglebetweenroll

andyawangles,positiveforyaw

angleandroll-inputtorque,positive
forinputtorqueleadingroll,.deg

angularfrequency,2fif,radians/see

massdensityof air,slugs/cuft

~plitudeof oscillationor out-o~-phase

initialconditionor in-phasecomponent

XJ
dt

component
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ANALYSISANEDESCRIPTION

CoordinateSystem

The coordinatesystemforwhichtheequationsof motionwillbe
writtenis shownin figure1. The x,y,z axesarefixedwithrespect
to themodelandarethereforebodyaxes. The X,Y,Z axesarealined
withtheequilibriumpositionof themodelandremainfixedin space.

In orderto illustratethepossiblemode6of motionof themodel,
a schematicdrawingof themechanicalappsratusis shownin figure2(a).
AS shownin thisdiagram,themainshaft(torquetube)of theapparatus
is drivenin a constant-amplitudeoscillatoryrotationaboutthe x axis
whichis transmitteddirectlyto themodel. Theaxisof rotationof the
torquetubeis definedby therollflexurepivotsandballbearingwhich
supportthetubewithinthesupporthousing.Attachmentof themodelto
thetorquetubeis throughtheyaw flexurepivots
a secondmodeof motion,thatof angulsrrotation

EquationsofMotion

which
about

allowthemodel
the z axis.

In accordancewiththeNewtonianlawsof motion,thetimerateof
chsageof themomentof momentumaboutaxesfixedin”spaceis equalto
the sumaationof theexternallyappliedmomentsaboutthoseaxes:

(1)

Sincethemodelis rigidlyconstrainedin pitch,thesecondof equa-
tions(1)neednotbe considered.

Thetimerateof changeof themomentsof momentum aboutfixed-
spaceaxesin termsof therateof changeaboutthebodyaxissystemmay
be written(see,i.e.,ref.7):
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dHx dhx—=— _
dt dt hy ;

mz &hz
—=— +Ily+
dt dt 4

(2)

where

(3)

Theapplied
of thebody

.
hx = $Tx+ 41XZ

. .
hy = -PIW - ~~yz

.
hz = qIxz+ &

1

momentsandinertialreactionscn thenbe expressedin terms
axisvariables 3

.

(4)

Substitutingtheexternallyappliedmomentsfortheleft-handsideof
equations(4)gives

A geometricalrelationshipexistsbetweentheangleof sideslip~ .

andtherollandyawanglesq and v as follows:Let theanglebetween
.

thefree-streamvelocityandthe X axi6be al. Y.
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* Fromsketch(a),
‘\ /.. r

w= Vsinal Vl = V cosal.

and fromsketch(b),

%
~-f’, ,,,

v=wsin~. Vsinal sing /’z

Fromsketch(c),
Sketch(a)

vl=vcos~=V sinal sin~cos*

V2 =Vlsin T= Vcos al sin *
‘\\ ,%

Y-

#
The angleof sideslipis thengivenby --—— -. i---

‘\

]4

‘\
●

‘‘ ‘in-’r i ‘2)

~,/’v ‘z

w
. (6) w

D = Sin-l(SiDalSinp cos $ - cos al sin1) Sketch(b)

The trueangleof attackis alsoa
functionof therollangle:

1 ‘p....J$ /’

a . sin-lL . SiII-=
v ~c;sq [ ., ‘

%----

....-.—-——-—__
. sin-l(sinal cosQ) (7) ‘-- - “

v
\/%

/

“x
Substitutionof equation(6)and its
timerateof changein equations(5)
yieldstheequationsof motion,and
it canbe seenthatnonlinearterms Sketch(c)willappearbothin theaerodynamic
momentsandtheinertialreactions.

In orderthattheybe of practicalvaluefor usewithexperimental
wind-tunneldata,linearizationof theequationsis necesssry.If the

T approximationismadethat
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sinq=q) sin+=$

Cosq=cosq=l

thentheangleof attackbecomesa = al, andthesideslipangleis given
by

B=psina-vcosa (8)

In general,theangleof attackis sufficientlysmallso thatequation(8)
maybe writtenas

andthe timerate

pl=aq-~ (9)

of changeof sideslipangleis givenby

●

✎

~=a~

For largeanglesof attackforwhich
equation(8)anditstimederivative

-i’ (10)

theseapproximationsarenotvalid,
maybe used. 1

If,in additionto theapproximationsmadein equations(9)and (10),
thesecond-orderinertialtermsin equations(5)areneglected,theequa- .
tionsof motionmaybe written

T+ (~s+ ~+ti~)$ - (~ -aLp)q+ (~ - L~)$- L~~ = Ix!+ IXZ~

1

(11)

(N$+ aNj)$+ aNP9+ (N~5+ N; - N~)$- (N$+ Iip)$= 1.{+ Ix&

The questionhnediatelyarisesas to theaccuracywithwhichequa-
tions(11)representthephysicalsystem.In order.toanswerthisquestion,
transientsolutionsofboththenonlinesrandlinearizedequationsof
motionfora pulse-typerolldisturbanceT were obtainedon theReeves
ElectronicAnalogComputerforconditionsexpectedtobe encounteredin
wind-tunneloperation.Comparisonof thesolutionsshowedthattheonly
discernibleeffectof linearizationwas a negligibledifferencein the
rollandyaw accelerations.Fromthisresultit was concludedthatthe
useof equations(U.)wouldbe a Justifiableapproximation,andthattheir
usewouldyielddataof sufficientaccuracy.Furtherexperimentalveri-
ficationof thevalidityof theseequations}s givenin a latersection.

.

w
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Solutionof EquationsofMotion

In thefollowingdevelopmentthesolutionof theequationsof motion
willbe givenandarraagedin a mannerwhichwillpermitthedetermination
of thedesiredaerodynamicparametersin termsof measuredquantities.

Yaw equation.-The secondof equations(11)maybe rearrangedand
written

Equation(12)is a linearsecond-orderdifferentialequation,thesolution
forwhichi6wellknown. Therollangle q is forcedto varyharmonically
withthe; Q=90 sinwt. Thenthesolution,in general,consistsof twQ
parts: first,the complementaryfunction,uniquelydet~minedby the
i~itialyaw angle v andtheinitialyawingvelocity~; and second,the
particularintegral,sometimescalledthe steady-stateor frequency
response,whichis independentof theinitialconditions,andis deter-
minedonlyby theapplieddisturbance,theright-hamdsideof equation(12).

Theamplituderatioandphaseanglegivenby theparticularinte~al
are,

(13)

(14)
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Substitutionof theseequationsintoequation(13)leadsto twofunda-
mentalrelationships:

‘to—=
b

‘)0
K=

aNp+ IXZCJ12
(16)

(N~+Np - IZW2)COSe + (N{s+ N; -

The geometricalmeaningof equations(15)and (16)
conceptof therotatingvectordiagram(see,e.g.J
is a harmonicallyvaryingfunctionp = PO Sintit,
of equation(12)representsa harmonicallyvarying
withcomponentsproportionalto therollposition,
tion. Thevectordiagramis shownin sketch(d).

is apparentfromthe
ref.8). Since T
theright-handside
yawingnoment ~ —
velocity,andaccelera-
te magnitudeof the

Sketch(d) andtheangle & is givenby

Theparticularintegralshowsthat X is alsoa harmonicfunction,
andequation(12)statesthatthesumof themoment6R, resultingfrom

themotion y mustbe equaland

,ti+::’’l!q::+. :~:::’:;:~’:’::de :of there6ultingyawingmoment

Sketch(e)

1

andtheangle P is givenby

v = tan-l
(N{s+ N; - N~)w

.

NV + Np - IZ~2
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The amplituderatioandphaseanglegivenby equations(13) and (14)may
thenbe written

V. No/To
Po— = No/$o

.

(N+, +t$ -,Vp. )fe& ‘Y+“%;;/<-’+
Equation(12)maynowbe represented

7“

<+.U*F
by combiningthevectordiagramsshown

———— .+.u uN+. I=+*U*
in sketches(d)and (e). It canbe

B

seenthatequations(15)and [16)
representthesummationsof theout-
of-phaseandin-phasecomponentsof (~+Mp~k
thevectordiagramof sketch(f). Sketch(f)

The quantitiesin equations(15) and (16) measuredduringoperation
of thedynamicapparatusare Po,*0,u, and~. At anydiscreteFrequency
theseareinsufficientdatato solvetheequations;however,useof the
apparatusas a free-oscillationsystemprovidesadditionaldatafromthe
complementarysolutionof equation(12):

{[

(N;6+ N~ - N~)t1}{[ (I&+N$ - N~) sinmat +
*=exp *i COS blat -

21Z 21zma 1

wheretheangularfrequencyof oscillationis givenby

(17)

(18)

Forwin’d-offconditions,equations(17) and (18) maybe written

.

where

(20)
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The contributionof thesystemdampingto theoscillationfrequencyis
negligible,andequation(20)maybe written

Themomentof inertiamay thenbe evaluated:.

(21)

.

.

The systemdampingmaybe determinedas

(22)
,

where +T andlft areordinatesof theenvelopecurvea timeinterval7
apart;similarly,theaerodynamicdampingbecomes

.—

(23)

and thedirectionalstabilityparameterNp maybe determinedfrom
equation(18):

(24)

Sufficientdataarenowavailableto solveequations(15)and (16)for
wind-onconditions:
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It shouldbe notedthattheproductof inertiaIxz maybe obtaiued
forwind-offconditionsby eliminationof thedampingtermin equa-
tions(15) and (16)to give

$0 (~ - Izm2)
Ixz=—Po @cos E

However,itwas foundthat,forwingedmodelsat angleof attack,the
slightelasticdeformationsof themodeland supportstructureweresuf-
ficientto necessitatetheuse-ofequation(26).

Rollequation.-Thefirstof equations(11)maybe rearrangedand
writtenas follows:

Ix@ - (L& + L++ a%); + (Lg.- “LB)Q+ Ixzt- (L; - Lj)$+ LB* = T (27)

Beforeproceedingwiththetotalequation(27),we willconsiderthe case
of single-degree-of-freedomrollmotion,definedby equation(27)when $
anditsderivativesareidenticallyzero. We proceeddirectlyfromthe
vectordiagramgivenin sketch(g).
Summationof theout-of-phaseand in- (L+=+L~+.Lj ) +.”

phasevectorcomponentsgives
i /4’

Tosin L=O
~..-+

(28) ‘j. ~L@. -1.4..’

Sketch(g)
+TOCOSA=O (29)

Forwind-offconditions,equations(28) and (29)maybe solvedfor

To sinA
L&._

(pow

Ix =

Forwind-onconditions,

-T. C!OSA -I-L@.

cqjJF

(30)

(31)

(32)

(33)
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Equation(33) becomesindeterminateat zeroangleof attack;however,

7
A anotherexpressionfor LB maybe

/ obtainedfromthemoregeneralequa-

+$

// c tion(27)whichwe nowconsider.
*’/” ~,

1

Thevectordiagmn representing
equation(27)is shownin sketch(h).

‘–––-4” summationof theout-of-phaseandU“$?”h”

Lph in-phasevectorcomponentsgives
Sketch(h)

(L$- L~)VocIJsine - LP$Ocosc = o (35)

Multiplyingequation(34) by sine, equation(35) by cosc, andadding
andsolvingfor LP gives

Lp = 1

[
(Lq- &W2)qo cos .S - To COS(A - C) - IxzYo~2-

aqo cos ~ - $0

wheretheproduct
equation(34)by
solvingfor (L;-

-+

of inertiaIxz is givenbyequation(26). Multiplying
cose, equation(35)by sin e, andsubtractingand
L~)gives

. r

To sin(d- C)1 (37)

Descriptionof Apparatus

A physicaldescriptionof thedriveapparatu6and itsvariouscom-
ponentsispresentedbelow. Thenextsectiondealswiththefunctionsof
theinstrumentation.“

.

.

,

.

●

✎
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In discussingthedriveapparatus,it is convenientto referto the
pictorialrepresentationof thesystempresentedin figure2(b). The
modelis allowedtwoangular degreesof freedom(rollingandyawing),is
subjectedto constant-amplitudeforcedoscillationsin roll,and is free
to respondin yaw. It i6 rigidlyrestrainedin pitch(ata constant
angleof attackfrom0° to 150),andallexternallyappliedpitching
moments,lift,drag,and sideforcesaretransmitteddirectlyto the
wind-tunnelstructure.Theapparatusis poweredby a three-phaseinduc-
tionmotormountedverticallyoverthesupport-struthousingat therear
of theapparatus.Rotarymotionof themotorshaftis convertedto an
approximateharmonicmotionof themaindriveshaft(torquetube)by means
of theeccentricblockanddriveflexureindicatedin thefigure.An
enlargeddrawingof thesecomponentsis shownin sketch(i)to aidin
visualizingtheprincipleinvolved.
Amplitudeof theoscillatoryrolling
motionis determinedby theamountof
eccentricityin theeccentricblock,and
withthepresentsystemis 4°. The
torquetube,whichtransmitstheoscil-
latorymotionto themodel,is supported
withinthestationarysupportstingby
therollflexurepivotsat theforward
endandby a ballbearingat therear.
Rigidlyattachedto thefrontendof the
torquetubear,etheyaw flexurepivots
on whichthemodelis mounted.The only
contactbetweenthemodelandtheappa-
ratusis throughthemountingat thefor-
wardendof theyaw flexures;sufficient Sketch(i)

clearanceexistsbetweenmodelbodyand supportsti~gto allowthemcdel
to yawapproximately2° abouttheflexureaxis. Themaximumoperating
frequencyof thesystemis approximately20 cyclesper second.

To obtainaccurateresultswiththesystem,it is necessarythat
rapidvariationsin oscillationfrequencyof theapparatusbe eliminated.
Thispurposeis servedby thesmallflywheelshownmountedoverthedrive
motorin figure2(b).

Theuseof flexurepivotsin theapparatusresultedprimarilyfrom
theneedforavoidingtheoftenundesirabledampingcharacteristicsof
ballbearings.The flexuresusedweredesigaedin accordancewithinfor-
mationpresentedin reference9, andwerefoundtobe entirelysatisfactory
from‘thestandpointof defininga rigidaxisof rotation.

Characteristicsof flexurepivots.-Theflexurepivotsare designated
as compensatingtypein reference9 because,theoretically,thespring
constantis essentiallyindependentof load. Thedesirabilityof this
featurein thepresentapplicationis obvious,andtheexperimentalveri-
ficationis shownin figure3 forthecaseof theyaw flexurepivotssub-
jectedto liftloadsof O, 100,and200pounds. Theinvarianceof the
roll-flexure-pivotspringconstantwas equallygood.
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The internaldampingin theyaw flexurepivotswas obtainedby means
of thewell-known06cillation-decaymethod. It wasfoundthattherate
of decaywasnot logarithmicbut,instead,wasa functionofbothampli-
tudeandfrequency.However,equation(22)was appliedto thedatain
orderto obtainan equivalentviscousdampingfactor N;5. It wasfound
that,as shownin figure4, thedatacouldbe representedby an equation
of theform

(38)

Justificationforthistypeof expressioncanbe seenby convertingto
theformgivenin reference10 wheretheinternaldampingispresented
in termsof a “dampingcapacity”Aw, theda~’ingworkper cycleper unit
volume.Thisquantitywas foundtobe independentof frequencyandto
varyas thethirdpowerof thestressamplitude.Considerthecaseof
constant-amplitudeoscillation* = $0 sin ~t. Thenthedampingcapacity
maybe written(see,e.g.,ref.7} withtheflexure-pivotcross-sectional
areaA andlengthh,

or,
(a+ blo)2fi2~02

,&7= (39)Ah

.

.

v

—

AlthoughAw was foundto varyin reference10 primarilyas thethird
powerof thestressamplitude(whichis directlyproportionalto the
oscillationamplitude),examinationof theresultsthereinindicatesthat
at theloweramplitudesthedatamaybe .appr@chinga secondpowervaria-
tion as indicatedby equation(39). Likewise,thedampingcapacity
givenby equation(39) is independentof frequency,and it is felt,there-
fore,thattheuseof theequivalentviscousdampingfactorrepresented
by equation(38) is justified.Thedatapresentedin figure4 alsoshow

P. #
pulley

/
Y .—

/
x

z.

wire1eweights

Sketch(j)

internaldampingforthecaseof theyaw
flexurepivotssubjectedto liftloadsof
O, 100,and200pounds. Theapplication
of an external-loadwhichproducesno addi-
tionaldampingis essentiallyimpossible.
However,itwas foundthattheadditional ,–
dampingof a liftloadsimulatedas shown
in sketch(j)wasnegligible,andthedata
wereobtainedin thismanner. Againit can .
be seenthattherewas essentiallyno effect
of liftload.
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No successfulmethodwasdevisedfortheapplication
whichprovidedno additionaldsrnpingabouttherollaxi6.

of a liftload
Consequently,

theinternaldampingof therollflexurepivotswas assumedto be invariant
withliftload,an assumptionjustifiedby theyaw-flexureresults,and
thefactthatanysmallchangethatmightoccwrwouldbe a negligible
percentof theaerod~amicrolldamping.The equivalentviscousdamping
factor L& fortherollflexurepivotswas obtainedby operatingthe
apparatusunderwind-off,tunnel-evacuatedconditions,and itwas found
thattheseresultscouldalsobe representedby an equationof theform
of equation(38).

Thevaluesof I& andN&s werefoundto be approximately20 percent
and12 percentjrespectively,of theaerodynamicvaluesobtainedin the
wind-tunnelinvestigatio~to be describedlaterin thereport. It should
be noted,however,thattheaerodynamicrolldampingmeasuredforthe
body-finmodelusedin thewind-tunneltestismuchsmallerthanwouldbe
thecasefora completeairplanemodel.

Instrumentation

-

Threequantitiesaremeasuredby thesystem: angularrollandyaw
positionsof themodel,andtheroll-inputtorqueappliedto themodel
to maintaintheforcedoscillationsin roll. Thesequantitiesaremeasured
by meansof resistance-typestraingagesmountedon suitablebeams,the
locationsof whichare indicatedin figure2(b). Theamplitudesand
phaseanglesof theoscillatingstrain-gagesignalsareobtainedby pass-
ingeachof thesignalsthrougha sine-cosineresolverlocatedat the
drivemotorand geardrivenbythemotorshaft(seefig.2(b)). Thetwo
outputsignalsof eachresolverarethendirectlyproportionalto the
in-phaseand out-of-phasecomponentsof therespectivestrain-gagesi~als
referencedto theresolverrotorposition.By thevectorialsummations
of thesequantitiestherequiredamplitudesof oscillationareobtained,
as wellas thephaserelationshipsnecessaryto establishtheroll-input-
torqueandyaw-positionphaseangleswithrespectto themodelrollposi-
tion. Oscillationfrequencyismeasuredby meansof an electroniccounter
drivenby a portionof theoscillatingroll-positionstrain-gagesi~al.

Circuits.-It wasnotedin theprecedingsectionthatit is necessary
to knowtheamplitudesof therollangle,roll-inputtorque,andyaw angle,
andthephaseanglesof theroll-inputtorqueand yaw anglewithrespect
to theroll angle. The desiredquantitiesweremeasuredby meansof three
identicalelectroniccircuits,theessentialfeaturesof whichareshown
in sketch(k).

.
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D-bath’ry strain 400 N
g.lg* ohopper

- ‘“”’{ -F++=+==

4SEI--E-B
staticdeflcct [on

n, n
r. ferenob

t

Sketch(k)

Theprincipleof operationof thecircuitsis as follows:A direct
voltageis impressedon thestrain-gagebridgewhichis to providea
measurementof thedesiredquantity.Theresultingoutputis an alternat-
ingvoltagewhosefrequencyis thatat whichthesystemis operatingand
whosemagnitudeis directlyproportionalto theamplitudeof thedesired
quantity.Thisoutputis usedto modulatea hOO-cyclewave;theresult
is amplifiedandthenpassedthroughtheresolverwhichreducesit to
componentsinphaseandoutof phasewiththepositionof theresolver
rotor. Thesecomponentsarethendemodulatedandusedto tiivethegal-
vanometersa6 shownin thesketch.

Resolvers.-Theresolversutilizedin theapparatuswereof the
standsrdinductiontype,commerciallyavailable.Two coilsareaccurately
positionedat 90°withrespectto eachotheron thestatorand,witha
l-to-ltransformerratio,producetwoharmonicsignalsalsophased900
whentherotoris turnedat a constantangularspeed.

A/2 _
3

&t COS 6

~sin 6 resolver output signals

Theactionof theresolver
maybe explainedas follows:
Assumethequantitytobe measured,
as representedby theoscillating
strain-gagesignal(hereafter
referredto as thebasicsignal),
hasan amplitudeof oscillation,A,
andphaseangle,b, withrespect
to theresolverrotor. ThiSSig-
nal is thendefinedas A sin(mt+b).
Theresolvermaybe consideredto n
providetworeferencesignalsof
unitamplitude,sinut, costi as
shownin sketch(2). Transmissfou .

I
Sketch(t)
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of thebasicsignal
cationof thebasic

throughthe
signalwith

resolvereffectivelyresults
thetworeferencesignals:

vi = A sin(ut+ b)Sinut

A..—
2
Cosb - : Cos(zhlt+ 5)

Vo = A Sin(mt+ b)COSWt

=: sin5 + ~ sin(2ut+ 5)

19

inmultiple-

(41)

Thustheamplitudesof theresolveroutputsigaalsare onehalfthat
of thebasicsignal,thefrequenciesaretwi~ethefrequencyof operation
of thesystem,andeachof theresultantsignalshasbeendisplaced,the
firstby an amountequalto onehalftheproductof thebasicsignaland
the cosineof thephaseangle,thesecondby onehalftheproductof the
basicsignalandthesineof thephaseangle.

Equations(~) and (41),whichrepresentthecomponentsof thebasic
strain-gagesignalinphaseandoutof phasewiththeresolverrotor
position,alsorepresentthetime-varyingvoltagesusedto drivethe
galvanometersas shownin sketch(k).

Galvanometers.-A galvanometerselementis essentiallya single-
degee-of-freedomsystem,anditsamplitudeandphase-angleresponsesto
a harmonicallyvaryingforcingfunctionarewellknown, If thefrequency
givenin equations(40)and (41)ismuchgreaterthantheundampednatural
frequencyof thegalvanometerselement,theresponseof theelementto that
portionof the signalwillbe essentiallyzero. The firsttermon the
right-handsideof eachof equations(b) and (41)representsa voltage
whichis independentof’time,however,andthegalvanometersis capable
of respondingwitha deflectionG whichis directlyproportionalto
thestaticsignal.Theresults,as shownin sketch(k),are staticindi-
cationsof thein-phaseand out-of-phasecomponentsof theharmonically
varyingLuantity.

Applicationof thepropercalibrationconstantsCo andCi nowper-
mitsthecomputationof theamplitudeandphaseangleof thedesired
quantity,theamplitudebeingequalto the squarerootof thesumof the
squaresof thein-phaseandout-of-phasecomponents,andthetangentof
thephaseanglebeinggivenby theratioof theout-of-phaseto in-phase
components:

)
A = 2~Ci%i2 + C02G02

COGO
5 . tan-l—

CiGi
1

(42)
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Thephaseanglethusobtainedarethosebetweentheresolverrotors
.

andeachof themeasuredquantities;rollpositior.jyawposition>and
roll-inputtorque.It tillbe recalled,however,thatthedesiredphase
anglesarethosebetweentheyawpositionandrollpositions)andbetween
theroll-inputtorqueandrollposition.It.ticleaxthatthesequantities
areimmediatelyobtainablefromtheaboveinformationif therelativephase
anglesof thethreeresolverswithrespectto eachotherareknowm. Since
it is convenientto theoperationof thesystemtomaintaintheserelative
phasedifferencesat smallvalues,theresolversarefirstalinedwitheach
otheras accuratelyas possible.A calibrationis thenmadefromwhichthe
remainingphaseanglesareobtained.

Effectsof harmonics.-Whentheprincipleof operationof theresolver
circuitswas illustrated>itwas-ass~ed thatthebasicsignalwas a PUe
harmonicfunction.In general,thequantitiestobe measuredarenotpme
harmonicfunctions,butmaybe distorteddueto extraneousdisturbances
fromsupportvibrationandothersources,oneofwhichwas theslightly
impureharmonicmotionof themodelproducedby theeccentricblockand
driveflexurein convertingtherotarymotionof themotorintoan oscil-
latorymotionof thetorquetube. In addition,thevoltageoutputof the
strain-gagebridgemayhavea meanvalueotherthanzero
unbalanceof thebridge. Thevoltageoutputmay thenbe
theFourierseries

co

~+ L(~ cosnut+ bnsinnut)
n=l

or,in.amoreconvenientform,

where

dueto initial
representedby .

.

(43)

In a similarmanner,theresolverreferenceSignalsmaYnot
monicfunctions;if,in addition,thetworeferencesi~als
exactly90°withrespectto eachother,but havesomeother

be purehar-
arenotphased
phaseangle 7,

theFo&ier seriesrepresentingthetwosignalsmaybe witten

al

I
Bm sinmti (44) ‘

m=l
●
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a

I Em sin(mt + y) (45)

M=l

Thenthe in-phaseandout-of-phasevoltagesusedto drivethegalvanometers
willbe givenby theproductsof equations(43)and (44),and (43)and
(45), respectively:

[
cos (n+ m)ut+ 5n1} (46)

w co m

vo=~ I ~sin(mti+ y) +
11

An% sin(nwt+ bn)sin(mti+ 7)
m=l n=lm=l

m

= AoI ~ sin(mwt+ y) +
! T* {cos[(n-m)”-’l-m=l n=lm.1

[
cos (n + m)tit+ 5n + y1} (47)

Examinationof equations(46)and (47)revealsthattime-independent
voltagesoccuronlywhen n = m, thatis,forproductsof equalharmonics.
Thentheeffectivevoltages,thoseto whichthegalvanometerswillrespond,
maybe written

m

TCOS(5n- 7)
Vo = 2 A&n

(48)

(49)
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Theseequationsshowthatthein-phaseandout-of-phasecomponentsof
.

eachmeasuredquantitymaybe in errorby an amountequalto thesumof’
theproductsof equalharmonicscontainedin thequantityto be measured .
andin theresolversignals.If eitherof thesignalshasno harmonic
content,but consist6onlyof thefundamental(n = 1),no erroris caused
irrespectiveof thedistortionpresentin the~ther. Undernormalwind-
tunneloperatingconditionsitwouldbe expectedthat,duetopreviously
mentioneddisturbances,somedistortionwouldbe presentin thebasic
signals,and it is necessarythattheresolversignalsbe free~f all
comparableharmonicsin orderto eliminatethispossiblesourceof error.
For thisreasontheresolversweredrivenby 90-toothgears. A remaining
possiblesourceof low-frequencyharmoniccontentin theresolversignals
was slipring“noise”;a visualexaminationof-theresolverreference
signalsby meansof an oscilloscoperevealedho distortion,however.
Oneotherpossibleerrordueto theresolversis indicatedin equa-
tion(k9):thephasingof theresolverreferencesignalswithrespect
to eachotherby someangle 7 otherthan90°. For there601versused
in thepresentinvestigationtheangle y was accurateto 9Q0,*1/2°,
andtheerrorrromthissourcewas,therefore,negligible.Now,sincethe
fundamentalamplitude,Bl, of theresolverreferencesignalsis unity,
equations(~) and (49) simplifyto

The galvanometersdeflectionsGi andGo aredirectlyrelatedto‘thein-
phaseandout-of-phasevoltagesby theappropriatecalibrationconstants
Ci andCO. Theamplitudeandphaseanglearegivenby

A1=2 Co2G02+ Ci=Gi2

“1
COGO

51 . tan-l—
CiGi “

(x)

Equation6(50)areidenticalwithequations(42)whichweredeveloped
forthecase”ofno distortionin thequantitiesto be measured.It canbe
seenthatthesystem,in effect,filtersouttheunwantedharmonicsand

.

providesa measureonlyof the&esiredresponse.
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Frequeneycharacteristics.-Mentionwasmadeof thealinementand
calibrationnecesssryto determinethefinalphaserelationshipsof the
resolvers.Themethodof dining theresolversis as follows:While
theoscillationfrequencyismaintainedat someconstantvalue,eachof
thethreecircuitsis,in turn,connectedto the output of theroll-
positiongage. In eac$casetheappropriateresolverhousingis then
rotateduntiltheout-of-phasecomponentindicatedon thegalvanometers
is approximatelyzeroandis lockedin thisposition.In.conjunctionwith
theseoperationsa checkwas alsoobtainedon thefrequencycharacteristics
of themeasuringcircuits.It shouldbe recalledthatthephaseangles
necessaryfordatareductionaremeasuredwithrespectto therollposi-
tion. Thenit is clearthattheabsolutevalueandfrequencydependence
of thephaseanglesindicatedby theresolvercircuitsis immaterialif
thesecharacteristicsare identicalforeachcircuit.Theprocedurewas
as follows:Afteraliningtheresolvers,eachof the circuitswas,in
turn,connectedto theoutputof theroll-positiongage,andtheampli-
tudeandphaseanglewerecomputedfordiscretefrecluenciescoveringthe
availablerangeof operation.It was foundthat
slightlyforthethreecircuits,thephaseangle
a mannerlinearwithfrequency.Thephaseshift
as a calibrationforcorrectingthephaseangles

Operationof theSystem

th=phaseshiftv~ied
differencesvaryingin
differencewas thenused
obtainedduringtesting.

Theoperationalproceduresfollowedin conductingwind-tunnelinves-
tigationswiththetestingapparatusaredescribedbrieflybelow. It
shouldbe notedthattheproceduresareessentiallyidenticalwhenthe
apparatusis usedforcalibrationtestssuchas me describedin a later
section.

(1) Withthemodelrigidlyrestrainedin yaw,measurementsof roll
positionp, roll-inputtorque T, andtheroll-input-torquephaseangle
A areobtainedforsingle-degree-of-freedomrolloscillations,at dis-
cretefrequenciesthroughouttheavailablerange,by meansof theresolver
circuitspreviouslydescribed.Datathusobtained,forbothwind-off
tunnel-evacuated,andwind-onconditions,andthe calibratedroll-flexure
springconstant,L~,provide L&-.andIx fromequations(30)and (31),
L$ + aL~ fromequation(32),and,forangleof attackotherthanzero,
L~ fro-mequation(33).

(2) Withthemodelfreeto yaw,themodelis drivenin rollat the
yawnaturalfrequency.Whenthemodelhasattainedsufficientyawing
amplitude,thedrivemotorprovidingtheoscillatoryrollingmotionis

. stoppedabruptly,resultingin a single-degree-of-freedomfree-yawoscil-
lation.A timehistoryof thedecayingyawingmotionis obtainedby
meansof a recordingoscillograph.Againthesedataareobtainedfor

. bothwind-offtunnel-evacuatedandwind-onconditions,andwiththemand
thecalibratedyaw-flexurespring
(24) yield Iz,N$5,N~ - N~,and

constant,Nv, equations(21)through
N~,respectively.
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.

(3) Withthemodelfreeto yaw,theapparatusis operatedas a two-
degree-of-freedomsystemat discretefrequenciestbroughquttheoperating
range. At eachfrequencymeasurementsof therollpositionp, yawposi- .

tion ~, roll-inputtorque T, andthephaseangles c andA areobtained
by meansof theresolvercircuits.Use of thesedatain conjunctionwith

—

thoseobtainedfrom(1)and (2)aboveprovides1$ + aN~andIxzfrom
equations(25)and (26),L~ and~ - L; fromequations(36)and (37).

EVALUATIONOF SYSTEM

It shouldbe notedthattheaerodynamicmomentsproducedby arigular
velocitiesare,in general,muchsmallerthanthemomentsproducedby
angulsrdisplacements,andthedisturbancesinevitablypresentin any
windtunnelmaybe of theorderofmagnitudeof thequantitiestobe
measured.An analysisof themannerin whichtheeffectsof thesedis-
turbancesareeliminatedin thepresentsystemhasbeendiscussedin the
sectionon instrumentation.Theresultsof suchanalysesarenotsuf-
ficientinformationto determinecompletelytheover-allaccuracy;however,
a reliableindicationof theaccuracycanbe obtainedwhereit ispossible
to simulatethequ~titiestobe measuredwithknowninputsto thesystem. .
Theresultsof testsof thistypewillbe discussed.A furthercheckof
thesystemaccuracywhenoperatingunderwind-tunnelconditionswas obtained
throughthetestingof a simpleconfigurationforwhich,it wasfelt,cer- -
tainof theaerodynamicderivativescouldbe calculatedfairlyaccurately.
Theresultsof thesetestsarediscussedat theendof thissection.

Evaluationof theSystemWithSimulatedAerodynamicDerivatives

CrossderivativesN@ andL~.-Testswiththestiulatedaerodynamic
derivativesweremadein orderto assesstheaccuracyof thesystemand
thevalidityof theassumptionsmadein thelinearizationof theequations
of motion. TheaerodynamiccrossderivativesN@and “

3
weresimulated

by meansof a variable-speedgyroscopicmotoras indicaed in sketch(m).

Y

x

Thetorquedueto precessionof a ~oscope is
wellknown(see,e.g.,ref.8),andit is this
propertywhichwas utilizedin thepresentappli-
cation.The ~oscope wasmountedinplaceof
themodel,and,withtherotororientedas shown,
thesimulatedcrossderivativesprovidedby the
gyroaregivenby

z

Sketch(m)
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.

where

I rotormomentof inertia
!2 angularvelocityof rotor

Theresultsof thegyroscopecalibrationare shownin figure5 where
therangeof valuesgivenis expectedto coverallpossiblewind-tunnel
results.~It canbe seenfromfigure5 thattheaccuracywithwhich N&
is determinedis entirelysatisfactory.It was foundthatthevalues
of L$ obtainedfromequation(~) wereunreliable,however,andthese
resultsarenotpresented.Thiswas alsofoundto be trueforthe calcu-
lationof L~ fromequation(36) anda re-examinationof themethodof
determiningthesederivativeswillbe necessary.

Damping-in-rollderivativeL$.-Theresultsof testsinwhichthe
aerodynamicro~ damping~ was simulatedare shownin figure6. This
derivativewas simulatedin themannerindicatedin sketch(n). A moment
proportionalto theangularvelocity
@ wasproducedaboutthe x axis /
by meansof a magneticdamperacting I
througha flexure-pivotuniversal

. jointon an arm connectedrigidlyto ~ 0
therolltorquetube. The damping
momentwas generatedby operating
the systemwitha direct-current x
fieldexcitationanda short-circuited
armature.If thecurrentgenerated z
in thesrmatureandthearmature
resistancearedesignatedas I andR,
respectively,thesimulatedaerodymnic ‘~
derivativemaybe expressed,forsmall

f-

-’
angulardisplacement(p,as Sketch(n)

where c is theconversionfromjoulesto inch-pounds.Withthedamper
inoperative,an equivalentdanpingfactorwas obtainedfortheinternal
frictionin therollflexurepivots,universaljoint,andflexiblemount-
ingof thedamperarmature.Thisquantitywas subtractedfromthedamper-
on datato givetheresultsshownin figure6. Theseresultsshowthe
accuracywithwhichthe systemmeasuresthe simulatedaerodynamicderiv-
ative I&$ in theabsenceof tunneldisturbances.

.
Dampingin yaw anddirectionalstabilityderivativesCnr - Cn~ad

Cnp.- No satisfactorymethodwas foundforintroducingsimulatedvalues
.

of aerodynamicyaw dampinganddirectionalstabilityintothe system
duringthepreviouslydescribedtests,and it is,therefore,uecesssry
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to analyzetheresultsof thewind-tunneltests,describedin thefollow-
ingsections,to determinetheaccuracywithwhichthesederivativeswere
obtained.Theproceduresforobtainingandreducingfree-oscillationdata
arewellknown,as arethefactorsaffectingtheaccuracyof thesedata.
Theuncertaintiesin eachof themeasuredquantitiespresentin theequa-
tiondefiningCnr - Cn~andCn~ havebeencalculated.Thesquareroot
of thesumof thesquaresof theseuncertaintiesindicatedover-all
uncertaintiesof theorderof iO.055and+0.057forsinglevaluesof
(2nr- cn~a:dp:::b;:s:;:::::l:;however,
vibrationswhichwouldappearas
tionof a numberof observations
calculated;thiswas foundtobe
andf0.028-forCnp.

Evaluation

The testsdescribed

Notaccountedfor in thesevalues,
randomair-$treamdisturbancesandsupport
scatterin thedata. The standarddevia-
at a givenMachnumberwas,therefore,
of theorderof *0.127for Cnr - C%.

of theSystemin theWindTunnel

previously,inwhichthesystemaccuracywas
assessedfromthestandpointof abilityto measure~imulatedaerodynamic

.

moments,werenecessarilyconductedundersomewhatidealizedconditions. <
It is,of course,impossibleto simulateallof theloadingconditions
anddisturbancesto whichthemodelis subjectedin thewindtunnel,and
thesetestsprovidea measureof theaccuracyof thesystemwhenthere

.

areessentiallyno extraneousdisturbancespresent.It hasbeenshown
in theanalysisof theprevioussectionthatthesedisturbances,theoret-
ically,causeno error;however,it is desirableto checkthecapabilities
of thesystemoperatingin thewind-tunnelenvironmentforwhichitwas
designed.

An evaluationof thesystemin thewind
on testinga modelforwhichtheaerodynamic
accurately.It is,of course,realizedthat
accuracyis notpossibleby thismeanssince
is insufficientto permitexactcalculations
bilityderivativeof fin-bodycombinations;

tunnelnecessarilydepends
derivativesmaybe calculated
an exactcheckon thesystem
preeenttheoreticalknowledge
of thelateraldynamicsta-
a seriousdecreaseof the

systemaccuracydueto tunneldisturbancesshould,however,be evident.

For thetestsdescribedbelow,a simplemodelwas constructedfor
which,itwas felt,therolling-velocityderivativesCZPandCnp could
be estimatedwitha fairdegreeof accuracy.Themodel,whichconsisted
of a verticaltriangularfinmountedon a cylindricalbodywithan ogival
nose(seefig.7),was testedwiththedynamicsystemin theAmes6-by
6-footsupersonicwindtunnelovera rangeofsubsonicandsupersonic
Machnumbersat zeroangleof attack.

Estimationof stabilityderivatives.-Estimationof thestability
derivativeswasbasedon existingtheoreticalmethodsadaptedto the
particularmodelusedin thewind-tunneltests. Thefollowingis a brief
descriptionof themethodsby whichthederivativeswereestimated.
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In determiningtheroll-velocityderivatives,CzpandCnp,it was
assumedthatthefinactsas a portionof a rollingtriangularwingas
indicatedin sketch(o). The solutionfortheresultingpressuredis-
tributioniswelllmown(see,e.g.,ref.11)andwas useddirectlyto
calculatethedamping-in-rollderivative~2p andthe contributionof
thefinto thecrossderivativeCnp. F’re6suresinducedon thebodyby the
loadingon thefinof courseprovide
no rollingmoment,but coutri.bute\

---
directlyto theyawingmoment,and,

\---

therefore,mustbe consideredin
estimatingCn forthefin-bcdy
combination.~ethcdsareavailable
forcomputingtheinterferenceload “’%.3
distributionforfin-bodycombinations % \
at supersonicspeeds(refs.W, 13,

J‘<II\\\O .
andlk)but theseare,in general, \:
verylaboriousandforthisreason ‘\I Yd
themethod.describedbelowwasapplied 4

in thepresentcase. Sketch(o)

It was assumedthatthepressuresinducedon thebodycouldbe cal-
. cu-latedas thoughthebodywerea flatplateat zeroangleof attack

adjacentto thefin. Reference15
givesthesolutionfora casesimilar a a=?
to this,nmely thepressuredistribu- A
tioninducedon a flatplateat zero
angleof attackadjacentto a tri-
angularsectorat a constantangle
of attack.The angle-of-attackdis- ~z
tributionon thefinmaybe repre-
sentedas thesumof a constantangle

()

..+
of attacka. $ aandonewhich 4
increaseslinearlyin thespanwise

(
directiona = ~)v) as shownin
sketch(p). ttt t t i ~z

Thepressureinducedon the
bodyby theconstantangle-of-attack
distributionis givendirectlyby the

~=p (z-r)a—
A vsolutionin reference15. The induced

pressureresultingfromtheeffective
twistdue to rollingvelocitymaybe
foundby integratingacrossthespan
of thewing. Thisintegrationcor-

~z
.

respondsto thesuperpositionof an
infinitenumberof theliftingsectors

. alongthespan,eachsectorhavingan infinitesimalangleof attack.The
yawingmomentdueto theinducedpressure6on thebodywas addedto that
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dueto theloadingon thefinto obtainthetotalyawingmomentdueto
rollvelocity.Becauseof theapproximationsnecessaryin theabove
estimate,theyawingmomentdueto rollingvelocitywas alsocalculated
usingtheslender-bodytheoryof reference16in orderto providea
checkof theorderof magnitude.

In estimatingtheyawingderivativesitwas assumed(a)that,in
lieuof a moreexacttheory,theyawingmomentof thebodyis thatgiven
by slender-bodytheorywhich,of cmrrse,is knowntobe incorrectat the
highersupersonicMachnumbersand (b)thattheyawingmomentof thefin
dueto yawingvelocityis thatgivenby themoment,aboutthe appropriate

axis,of theloadingon a portionof a pitchingwing. Sketch(q)shows
the~ortionof thewinsreferredto as a cross-hatchedareaandthe

Sketch(q) ‘Q

pitchingaxisas theaxisof yaw. Theload-
ingwas calculatedaccordi~gto reference17
forthearrangementas shownto determine
theyawingmomentdueto yawingvelocity.A
similarmethodwasusedforestimatingthe
yawingmomentdueto sideslipangle. The
slender-body-theoryresultswereobtained
fromreferenceI-8.Theabovemethods,of
course,applied_onlyto thederivativefor
supersonicMachnumbers.No methodswere
availableof sufficientaccuracyto permit
theestimationof thederivativesat subsonic
Machnumbers. -

,

Comparisonof estimatedstabilityderivativeswithmeasuredvalues.-
Duringthewind-tunnelteststherollingderivativesClpandCnp were
obtainedovera rangeof frequenciesfrom7 to 20 cyclesper second.No
significantvariationof thesequantitieswithfrequencywas found,and
thevalueswhicharepresentedin fi~es 8 and 9 arethearit~etic
meanof thevaluesobtained.Thevaluesof Cnr - Cn$andCnp arethose
whichwereobtainedat a singlefrequencythroughfree-oscillationtests.
A comparisonof theestimatedandmeasuredrollingderivativesis given
in figures8 and9 forthesupersonicMachnumbersinvestigated.The
measuredvaluesarealsoshownforthesubsonicMachnumbers.Theagree-
mentbetweentheexperimentalandestimatedvaluesindicatesthatthere
wereno seriouseffectsof wind-tunneldisturbanceson thesystemaccuracy.
Figure10 showsthemeasuredandestimated*Ping inYaw. Herethe
agreementispoor,particularlyat thehighestMachnumber.The sameIs
trueof thedirectionalstabilityparameter‘“Cn, shownin figure11,

Rwheretheagreementis satisfactoryexceptat t e highestMachnumber.
Themethodsusedin estimatingthetheoreticalvaluesof thederivatives
maynotbe reliableandhavenotbeenadequatelycheckedexperimentally.
A lsrgepartof thediscrepancybetween.theoryandexperimentisbelieved

.

tobe dueto deficienciesin thetheory.
.
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CONCLUSIONS

29

A studyof a systemdesignedto measurethestaticanddynamic
lateralstabilityderivativeshas leadto thefollowingconclusions:

1. Testsinwhichaerodynamicderivativesweresimulatedhaveshown
thattheapparatuscorrectlymeasureslmowninputsof theorderof magni-
tudeanticipatedforairplanemodels.

2. The investigationhas shownthattheaerodynamicderivatives
associatedwiththeprimarymodeof operationof thesystem,thatis the
rollingderivatives,andthedirectional-stabilityanddamping-in-yaw
parametersmaybe obtainedwithsatisfactoryaccuracy.Thedata-reduction
equationsfromwhichtherollingmomentdue to yawingvelocityanddue
to sideslipangleweredeterminedyieldedresultswhichwereunreliable
andpreventedevaluationof Clr - cl;andCz .

B

3. Testsof theapparatusutilizinga simplemodelshowedthatthe
wind-tunnelenvironmentapparentlyhadno deleteriouseffectson the
systemaccuracy.

AmesAeronauticalLaboratory
NationalAdvisoryComai.tteeforAeronautics

MoffettFieldjCalif.,Sept.24, 1954.
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Figurel.-Illustrationof coordinate

z

system.DisplacemeatmandmomentsareGhownIn thepositive
fiense.
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(a) Schematic drawing.

Figure 2.- Illustration of dynemic testing apparatus.
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(b) Pictorialdrawing.

Figure~.-conclti~.
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